Abstract. Adequate uterine contractility and periovulatory peristalsis, interpreted as "rapid sperm transport" to the side bearing the dominant follicle, may be a precondition for successful reproduction in humans. Estrogen and progesterone fluctuate characteristically during the menstrual cycle, and their source is the dominant follicle and corpus luteum. The question is, how is the direction to the left or right side of transport mechanisms influenced? An extracorporeal perfusion model of the swine uterus was used that maintained the uterus in a functional condition and that was suitable for the study of physiological questions. The effects of side-dependent estrogen, progesterone, and estrogen plus progesterone perfusion on oxytocin-induced uterine peristalsis were assessed using two intrauterine microcatheters placed in each horn of the swine uterus. Estrogen perfusion was associated with an increase in intrauterine pressure (IUP) in a dose-dependent manner only in the estrogen-perfused horn of the swine uterus. There was a significant difference between the IUP increase measured in the estrogen-perfused horn and that in the non estrogen-perfused horn of the swine uterus. Progesterone perfusion showed no effect in general. Furthermore, progesterone antagonized the estrogen effects. This study demonstrates that side-dependent estrogen perfusion resulted in side-dependent contractility in the swine uterus perfusion system used. These observations show that estrogen stimulates uterine contractility in the estrogen-perfused uterine horn and that estrogens may be the "trigger" for the transport mechanisms to the side bearing the dominant follicle during the periovulatory phase through their locally increased concentration and distribution via the utero-ovarian counter-current system in humans.
waves show the highest frequency and amplitudes during the periovulatory phase, while in the other phase, contraction waves with lower frequency and amplitudes are observed. Particularly during menstruation, peristalsis appears to be directed toward the cervix [6, 7] .
Adequate uterine contractility is involved in the transport of semen and gametes and in successful embryo implantation, while inadequate uterine contractility in general may lead to ectopic pregnancies, miscarriages, retrograde bleeding, and endometriosis [8, 9] . It has been shown in rodents that oxytocin, a potent uterotonic agent, and its receptor (OTR) mRNA expression are at their highest levels at estrus and are up-regulated by estrogens [10] . Furthermore, Richter et al. [11] reported that OTR expression is also up-regulated by estrogens in humans, especially in the fundus of the uterus, not only in pregnant uteri but also in non-pregnant uteri [11, 12] . It has therefore been b e l i e v e d t h a t e s t r o g e ns s t i m u l a t e u t e r i n e contractility via OTR up-regulation, and uterine contractility or uterine contraction waves has been believed to be responsible for the mechanisms of rapid sperm transport [3] [4] [5] . In contrast, Dunlap and Stormshak demonstrated a direct suppressive action of progesterone on the binding of oxytocin to its receptor [13] .
Several studies have shown that levels of oxytocin increase during sexual stimulation and arousal, with a peak during orgasm in women and men [14] . Oxytocin levels fluctuate throughout the menstrual cycle, correlate with genital lubrication in women, and are therefore believed to play a role in the peripheral activation of sexual function [15] . In humans the estrogen source during the menstrual cycle is the dominant follicle, which is normally located on one side [16] . The question remains, how are the transport mechanisms directed to the side bearing the dominant follicle modulated and are the estrogens produced by the dominant follicle the "trigger" that influences movement toward the side bearing the dominant follicle?
The original extracorporeal perfusion model of an isolated uterus was first described by Bulletti et al. [17] . Previous investigations validated the feasibility of this perfusion model of isolated uteri for various purposes [11, 12, [18] [19] [20] [21] [22] [23] . According to previously reported in vitro experiments, there is a possible clinical relationship between uterine contractility and steroid hormones [24, 25] . We have previously described a sw ine-uterus perfusion model that is also suitable for the study of physiological questions [26] [27] [28] [29] [30] [31] [32] [33] [34] . Continuous monitoring of intrauterine pressure using multiple probes at different locations inside the uterus may be a suitable method of evaluating directed transport mechanisms through the female genital tract, believing that these transport mechanisms may be caused by uterine contractility, peristaltic waves, and directed pressure gradients.
Swine (Sus scrofa domestica) are widely used in research. The swine has a long bicornuate uterus with a single corpus and a single cervix [35] . The uterine wall has a similar architecture to that in humans and other domestic animals, with the three classical histological elements of the uterine wall, the endometrium; myometrium, which consists of clearly oriented smo oth-m uscle cells; and perimetrium. The endometrium contains many hundreds of glands in a cross-section of the uterine wall, and the myometrium is clearly differentiated into inner circular and outer longitudinal layers [35, 36] . The fallopian tubes in the adult female have the same diameter as those in humans. However, they are much longer, and the uterine corpus is also longer in comparison with human uteri. The sow has an estrous cycle of 20-21 days. The swine uterus may be more practicable than the human uterus for the in vitro study of uterine transport mechanisms caused by peristaltic contractions and waves and their regulation, as the swine uterus is more analogous to a muscular tube. The swine uterine cavity is more elongated than the human uterus. Peristaltic waves are easy to visualize, and intrauterine pressure changes at different locations can easily be recorded at the same time using an intrauterine multiple-chip microcatheter. Delayed pressure changes may be more detectable in the swine uterus. Additionally, the bicornuate swine uterus is ideal for examining differences in sidedependent uterine transport mechanisms, since each horn can be perfused independently and pressure changes can be measured in each horn independently. In contrast to humans, the swine produces many offspring and does not have a single dominant follicle. In normal physiological conditions, therefore, there is no difference in the estrogen concentrations of the two uterine horns. In contrast, in humans the dominant follicle that produces estrogens is normally located on one side [16] , so side-dependent modulation of uterine contractility the possible and may result in rapid sperm transport directed to the side bearing the dominant follicle. Einer-Jensen et al. [37] described a possibility of a local counter-current transfer and hormonal regulation system within an organ through locally increased concentrations of regulatory substances or hormones between the major in-and outflow of blood to the organ. The swine uterus perfusion system described herein can therefore serve as a model for simulating this local hormonal regulation and interplay system between the ovary, Fallopian tube, and uterus through the utero-ovarian counter-current system due to the possibility of region-dependent perfusion of the swine uterus with different test substances and their concentrations.
The aim of the present study was to assess the differences in oxytocin-induced uterine pressure, measured independently in each uterus horn, in r e s p o ns e t o s i d e -d e p e n d e n t e s t r o g e n a n d progesterone perfusion using the perfusion system described herein.
Materials and Methods

Swine uterus
A total of 60 swine uteri were obtained from a local slaughterhouse. The uteri were selected on the basis of their size and overall condition, as well as the condition of the uterine arterial stumps. The mean weight of the swine uteri was 123 g (range 80.4-171.5 g). They all came from healthy animals aged 5-18 months. Swine uteri are very easily separated from the rest of the body within approximately 2 min after the animal is killed by electric shock (1.5 A, 400 V, 4 s). The isolated swine uteri were provided by the local slaughterhouse, so the system does not require the costs and responsibilities of an animal breeding unit or operating on animals. Furthermore, using the swine uterine model makes it possible to avoid in vivo testing.
Perfusion system
We have previously described the swine uterus perfusion model in more detail and validated it for different physiological questions [26] [27] [28] [29] [30] [31] [32] [33] [34] . Briefly, the perfusion medium was oxygenated with carbogen gas (a mixture of 95% oxygen and 5% carbon dioxide) and then forced into uterine arterial catheters with two roller pumps. The flow rate of the perfusion medium was constantly monitored and kept at 15 ml/min and 80 mmHg. Ten uteri were perfused with 3 pg/ml 17β-estradiol (Sigma, Deisenhofen, Germany) and 10 uteri were perfused with 30 pg/ml 17β-estradiol, which was added to the perfusion buffer and always administered into only one uterine horn, while the other horn was perfused with pure perfusion buffer. Ten uteri were perfused with 3 pg/ml progesterone and 10 uteri were perfused with 30 pg/ml progesterone, which was added to the perfusion buffer and always administered into only one uterine horn, while the other horn was perfused with pure perfusion buffer. Furthermore, 10 uteri were perfused with 3 pg/ml 17β-estradiol plus 3 pg/ml progesterone and 10 uteri were perfused with 30 pg/ml 17β-estradiol plus 30 pg/ ml progesterone in the same way as described above.
Vitality parameters
The experiments were only carried out when it was possible to maintain a constant flow rate for the perfusion medium of 15 ml/min through each artery, with an ideal pressure of 80 mmHg, throughout the duration of the experiments. Perfusate samples were taken at 1-hour intervals for measurement of pH, PO 2 , PCO 2 , HCO 3 , lactate, and oxygen saturation. The vitality parameters remained physiological during the first 8 hours of perfusion (data not shown [26, 31] ).
Intrauterine pressure measurement
Intrauterine pressure was recorded using two intrauterine microchip catheters (Urobar; R a u m e d i c , M u e n c h b e r g , G e r m a n y ) . O n e microchip catheter was placed in the estrogenperfused or progesterone-perfused horn and the second catheter was placed in the other horn of the perfused swine uterus. Both microchip catheters were connected to a Datalogger (MPR1; Raumedic) for continuous monitoring of intrauterine pressure; the data was then transferred to a personal computer.
Induction of uterine contractions
Oxytocin (Syntocinon; Novartis AG, Nuremberg, Germany) was used to induce contractions of the uterus at increasing dosages of 0.1, 0.3 and 1 IU every 15 min until regular uterine contractions were observed. Oxytocin was administered as a bolus through uterine arterial catheters. Oxytocin administration was started 2 hours after initial perfusions containing the above-mentioned concentrations of the steroids.
Statistical analysis
A paired Student's t-test was used for statistical evaluation of significant differences between IUP increases in both horns of swine uteri. Pressure differences between the different concentrations of each tested steroid were evaluated using analysis of variance (ANOVA). All of the calculations were performed using the Statistical Package for the Social Sciences (SPSS version 10.1 for Windows; SPSS Inc., Chicago, IL, USA). P values of less than 0.05 were considered statistically significant.
Results
Estrogen
Estrogen perfusion resulted in a dose-dependent increase in IUP (P<0.001) in the perfused uterine horn (Fig. 1) . In comparison with the non estrogenperfused uterine horn, the IUP increase was significantly higher in the estrogen-perfused horn for 3 pg/ml (P=0.002) and 30 pg/ml (P=0.002).
Progesterone
Progesterone perfusion did not result in any increase in IUP in the progesterone-perfused u t er i n e h o rn i n c o m p a ri s on w i t h t h e n o n progesterone-perfused uterine horn. There were no differences between the tested concentrations (Fig. 2) .
Estrogen plus progesterone
Estrogen plus progesterone perfusion did not result in any increase in IUP in the steroid-perfused uterine horn in comparison with the non steroid- perfused uterine horn. There were no differences between the tested concentrations (Fig. 3) .
Discussion
Directed unilateral transport through the female genital tract to the side bearing the dominant follicle, assessed by HSSG, correlates with higher pregnancy rates achieved spontaneously or by i n t r au t e r i n e i n s e m i n a t io n [1 -4, 3 8] . T h i s periovulatory peristalsis, interpreted as "rapid sperm transport" to the side bearing the dominant follicle, may be a precondition for successful reproduction in humans [1, 2, 4, 5] . Steroids fluctuate throughout the menstrual cycle and are capable of modulating uterine contractions characteristically. 17β-estradiol and oxytocin show s y n e r g i s m s i n t h e r e g u l a t i o n o f u t e r i n e contractility. 17β-estradiol stimulation increased both the frequency and duration of rhythmical electrical activity, as well as endoluminal pressure, in five extracorporeal perfused human uteri [21] . Richter et al. [11] reported that OTR expression is up-regulated by 17β-estradiol and oxytocin in nonpregnant uteri. Furthermore, the receptorm e d i a t e d r e a c t i v i t y o f t h e n o n -p r e g n a n t myometrium is modulated in a characteristic way by treatment with 17β-estradiol, oxytocin, or a combination of the two [23] . Stimulation with highdose of 17β-estradiol increased myometrial OTR density, with maximum levels found in the uterine fundus [11] . In particular, pretreatment with 17β-estradiol before oxytocin stimulation resulted in a larger and more prolonged uterine response to oxytocin application [23] , while progesterone stimulation directly resulted in a reduction of both the frequency and duration of uterine contractility, as reported by Bulletti et al. [21] .
In the present study, we investigated the influence of both steroids on oxytocin-induced uterine contractility in both horns of swine uteri. The transport mechanism through the female genital tract from the cervix to the upper parts of the uterus appears to be modulated by estrogens and oxytocin [5, 21] . Furthermore, the present data, using the model of perfused non-pregnant swine uteri described herein, may suggest that the transport mechanisms directed to the side bearing the dominant follicle in humans may also be modulated by the estrogens produced by the dominant follicle. The estrogen-perfused uterine horn showed significantly increased contractility in comparison with the non estrogen-perfused horn, w h i l e p r o g e s t e r o n e s h o w e d n o e f f e c t . Furthermore, progesterone antagonized the estrogen effect in general. This study demonstrates that estrogen and progesterone have differential effects in the regulation of uterine contractility and in particular that estrogens influence uterine contractility in a characteristic way. In addition, both steroids may influence uterine contractility through their locally increased concentrations and side-dependent distribution via the utero-ovarian counter-current system, as described previously by Einer-Jensen et al. [37] .
The results presented here are in accordance with those first described by Bulletti et al. [21] and those reported by Richter et al. [23] in extracorporeal perfused human uteri. Both groups of authors described a characteristic increase in IUP after perfusion with estrogens. In addition, Richter et al. [11] demonstrated that there was an estrogendependent distribution of OTRs, with maximum levels being found in the uterine fundus. This may explain the increased responsiveness of the uterine myometrium to oxytocin-induced contractility in these regions, especially at the uterine-fallopian junction [39, 40] .
Estradiol is the dominant hormone during the periovulatory phase, when uterine contractions increase in frequency and amplitude [6, 7] . The estradiol peak during the menstrual cycle occurs when an effective transport mechanism toward the fundus of the uterus and the fallopian tube is needed for sperm transport [39, 40] . It has therefore been suggested that estrogens may support uterine contractility and that they act synergistically with oxytocin in the regulation of uterine peristalsis and in the mechanism of transport toward the body of the uterus and fallopian tubes to the side bearing the dominant follicle [39, 40] . Dunlap and Stormshak [13] showed that there is a direct suppressive action of progesterone on the binding of oxytocin to its receptor. Progesterone levels rise during the menstrual cycle after ovulation when the embryo is transported via the fallopian tube into the uterine cavity, where implantation will occur. Fanchin et al. [41] reported a significantly decreased frequency of uterine contractions in a group of women with high progesterone levels (>100 ng/ml) on the day of embryo transfer in comparison with the day of administration of h u m a n c h o r i o n i c g o n a d o t r o p i n ( H C G ) . Progesterone is therefore believed to suppress uterine contractility due to a non-genomic effect [13, 42, 43] , whereas the effect of estrogen is genomic via oxytocin receptor up-regulation [11, 12] .
In summary, this study demonstrates that sidedependent estrogen perfusion resulted in sidedependent contractility in the swine uterus perfusion system used. These observations show that estrogen stimulates uterine contractility in the estrogen-perfused uterine horn and that estrogens may be the "trigger" for directed transport mechanisms. Furthermore, the extracorporeal perfusion model of an isolated non-pregnant swine uterus used can serve as an adequate model for further study of uterine contractility, peristaltic activity, and transport mechanisms in vitro.
